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1.  Introduction 


The  U.S.  Army’s  need  for  high-strength,  light-weight  materials  is  responsible  for  current 
research  and  development  efforts  in  the  area  of  metal  matrix  composites.  In  particular,  the  U.S. 
Army  Research  Laboratory  (ARL)  has  been  investigating  the  use  of  continuous  alumina  fibers 
(Nextel  610*)  in  an  aluminum  (Al)  or  A1  alloy  matrix  (Bender  et  ah,  report  in  progress;  Hoppel 
et  ah,  2000,  2002).  This  material  has  exhibited  very  high  compressive  strength  and  very  good 
high-temperature  properties  (as  compared  to  traditional  organic  fiber  matrix  materials).  Two 
applications  currently  being  pursued  are  a  metal  matrix  artillery  shell  and  a  composite  gun  tube 
(steel  liner  with  a  metal  matrix  overwrap). 

The  aluminum  metal  matrix  composite  (AIMMC)  under  consideration  has  traditionally  been 
made  with  a  pressure-cast  process  where  the  molten  metal  is  infiltrated  into  a  fiber  preform, 
solidified,  and  extracted  from  the  mold.  More  recently,  attempts  have  been  made  to  squeeze-cast 
the  material  by  injecting  the  molten  metal  at  high  pressure  into  a  mold  filled  with  fiber  preform. 
Finally,  AIMMC  tape  has  been  produced  with  the  idea  of  using  standard  prepreg  technology  to 
wrap  the  tape  over  a  mandrel  of  the  desired  geometry  and  use  braze  to  join  the  tape  layers 
together. 

Each  of  these  manufacturing  processes  has  its  own  inherent  difficulties  for  producing  material 
that  is  defect-free.  Consequently,  there  is  a  need  to  develop  a  reliable,  quick,  and  inexpensive 
method  to  ensure  that  the  materials  produced  by  any  of  these  processes  do  not  contain  defects 
that  would  be  detrimental  to  use  in  their  intended  applications.  For  this  reason,  a  survey  of 
current  nondestructive  evaluation  (NDE)  techniques  was  undertaken  to  determine  what 
approaches  might  be  best  to  use  for  quality  control  of  the  AIMMC  material.  The  goal  was  to 
identify  one  or  more  NDE  techniques  that  could  be  used  in  a  factory  setting  to  ascertain  the 
quality  of  material  produced.  (NDE  used  for  health  monitoring  was  not  considered  here.)  This 
survey  is  presented  in  section  2  along  with  background  material  on  flaws  and  flaw  detection  as 
they  might  apply  to  AIMMC. 

Section  3  contains  a  description  of  material  obtained  from  3M  Corporation  that  was  known  to 
contain  defects.  These  samples  were  used  to  help  determine  the  sensitivity  of  the  two  NDE 
techniques  chosen  for  this  study. 

The  literature  search  led  to  the  conclusion  that  ultrasonic  testing  (UT)  was  a  leading  candidate 
for  screening  this  material.  However,  a  new  technique  called  Meandering  Winding 
Magnetometer'*'  (MWM)  was  also  found  to  have  potential.  The  MWM  technique  extends  eddy 


Nextel  610  is  a  registered  trademark  of  the  3M  Corporation. 

^  Meandering  Winding  Magnetometer  is  a  registered  trademark  of  JENTEK  Sensors,  Inc. 
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current  technology  by  measuring  absolute  values  of  eonductivity  and  lift-off.  These  teehniques 
will  be  deseribed  in  sections  4  and  5.  Each  of  these  seetions  will  present  measurements  made  on 
samples  with  known  defects  to  indicate  the  ability  of  each  technique  to  loeate  flaws. 

AIMMC  plates  made  by  3M  Corporation  and  provided  to  ARE  by  the  University  of  Delaware 
were  examined  with  both  UT  and  MWM.  While  most  of  these  plates  appeared  to  be  defect- free, 
a  few  had  ultrasonic  C-scans  that  indicated  the  existence  of  possible  flaws.  These  plates  were 
sectioned  to  correlate  the  mierostructure  with  the  ultrasonic  observations.  The  results  of  the 
ultrasonie  measurements  on  these  plates  as  well  as  a  representative  mierograph  of  the  interior  of 
a  sample  are  presented  in  seetion  6. 

Section  7  contains  a  discussion  of  the  results  and  the  relative  merits  of  both  NDE  approaches. 
Section  8  summarizes  the  findings  of  this  investigation. 


2.  Literature  Survey 


While  metal  matrix  eomposites  (MMCs)  have  been  in  existence  for  over  40  years,  they  did  not 
come  into  widespread  use  until  a  low-cost  source  of  fibers  was  developed  in  the  mid-80s  (Chin, 
2002).  This  literature  survey  covers  a  time  span  reaching  from  1970  to  the  present.  However, 
most  of  the  reports  uneovered  in  this  seareh  are  from  the  1990s.  The  following  keywords  used 
for  this  seareh  are  given  in  table  1 . 

Table  1.  Keywords  for  literature  search. 


NDE  of  fiber-reinforced  materials _ 

NDE  of  fiber-reinforced  MMCs _ 

NDE  of  fiber-reinforced  metals _ 

NDE  of  cylinders _ 

NDT  of  AlMMCs  ~ 

Alumina  fiber-reinforced  A1  +  ultrasonics 
Alumina-Al  composites  +  UT 


The  survey  has  shown  that  ultrasonic  techniques  have  been  the  most  eornmon  means  for 
examining  MMCs.  Computed  tomography  and  thermography  have  also  been  used  to  some 
extent.  To  a  mueh  lesser  extent  neutron  diffraction  and  eddy  eurrent  measurements  have  been 
used. 

One  of  the  earlier  papers  written  on  this  subject  was  an  exhaustive  study  of  the  sensitivity  of 
flaws  to  NDE  techniques  by  Schramm  and  Daniel  (1982).  They  purposely  introduced  known 
flaws  into  an  MMC  made  of  alumina  fibers  in  a  magnesium  alloy  (ZE41A).  The  types  of  flaws 
examined  were  fiber-matrix  debonding,  porosity,  fiber  misalignment,  fiber  fracture,  nonuniform 
fiber  distribution,  and  matrix  fracture.  The  NDE  techniques  they  used  were  ultrasonic  inspection 
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(primarily  C-scan),  ultrasonic  attenuation,  ultrasonic  backscattering,  wave  propagation  veloeity, 
and  radiography.  The  authors  presented  a  summary  of  their  findings  in  a  seven-row,  nine- 
column  table.  They  also  made  the  general  statement  that  C-scans  were  the  most  useful  type  of 
NDE  for  MMCs,  but  that  other  NDE  teehniques  provided  valuable  additional  information. 

A  eomprehensive  review  of  the  state-of-the-art  in  NDE  of  MMCs  was  undertaken  by  the 
National  Researeh  Couneil  in  the  early  1980s  (Pipes  and  eommittee,  1983).  A  thorough 
literature  seareh  at  that  time  revealed  only  a  limited  amount  of  information  in  this  area.  Mueh  of 
the  report  was  supplemented  by  the  National  Materials  Advisory  board  member’s  own 
experienee. 

One  obvious  technique  not  mentioned  by  others  is  visual  inspection.  They  go  on  to  list  possible 
NDE  teehniques.  They  eliminate  magnetie  methods  beeause  eonstituents  of  MMCs  to  that  point 
were  nonmagnetie.  Other  methods,  sueh  as  seanned  aeoustic  holography,  dye  penetrant,  and 
synthetic  aperture  foeusing  techniques,  have  not  found  widespread  use  sinee  the  early  1980s. 

Another  eomprehensive  paper  found  in  this  survey  was  by  Y.  Bar-Cohen  (1986)  who  reviewed 
NDE  teehniques  used  to  examine  aireraft  struetures.  Erom  a  praetieal  point  of  view,  Bar-Cohen 
eoneluded  that  due  to  the  many  sourees  of  error  (e.g.,  surfaee  roughness,  the  eoupling  system 
used,  internal  reflections,  etc.)  ultrasonics  can  only  detect  gross  flaws  in  fiber-reinforced 
materials.  Eor  an  ultrasonie  wave  to  detect  a  flaw,  the  wave  length  needs  to  be  on  the  order  (or 
smaller)  of  the  flaw  size  itself.  If  the  flaw  is  the  size  of  a  fiber,  then  the  ultrasonie  wave  with 
wavelength  small  enough  to  detect  it  would  be  highly  seattered  by  the  large  number  of  fibers 
contained  in  the  sample.  Bar-Cohen  lists  the  types  of  defects  produced  in  the  fabrieation  of 
fiber-reinforeed  eomposites  (generally  organie  fibers  in  a  plastie  matrix).  Many  of  these  defeets 
suggest  similar  types  of  defects  in  MMCs  as  shown  in  table  2. 


Table  2.  Possible  defects  induced  during  fabrication. 


Delamination 

Wrong  lay-up  order 

Broken  fibers 

Porosity  and  voids 

Matrix  cracking 

Incorrect  ratio  of  matrix  to  fiber  volume 

Fiber  misalignment 

— 

Inclusions  and  contamination 

— 

Note  that  flaw  deteetion  in  materials  to  be  used  for  aireraft  struetures  is  generally  more  stringent 
due  to  flight  safety  concerns. 

Many  of  these  defeets  have  the  potential  to  be  deteeted  by  ultrasonies  if  they  are  large  enough. 
Eor  instanee,  Bar-Cohen  eites  the  deteetion  of  a  1  mm  in  diameter  delamination  in  a  graphite- 
epoxy  laminate  using  time-of-fiight  ultrasonic  measurements.  The  loeation  accuraey  aehieved 
was  ±0.2  mm  in  depth.  While  individual  mieropores  eannot  be  deteeted,  if  the  density  of  them 
is  high  enough,  then  they  might  be  deteeted  through  a  ehange  in  attenuation  or  modulus  with 
ultrasonies  or  a  variation  in  density  through  an  x-ray  sean. 
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Knowing  the  processing  technology  used  to  make  specific  MMCs  and  the  type  of  defect  most 
likely  to  occur  can  help  determine  what  type  of  NDE  approach  to  take.  This  is  demonstrated  in  a 
series  of  papers  written  by  Matikas  and  coworkers  (Matikas  and  Karpur,  1993;  Krishnamurthy 
et  ah,  1995;  Matikas  et  ah,  1995).  The  authors  examined  the  interaction  of  longitudinal  and 
shear  waves  with  a  single  silicon  carbide  fiber  embedded  in  a  titanium  alloy  matrix.  The  fiber 
was  embedded  by  placing  it  between  two  thin  sheets  of  titanium  alloy  and  applying  heat  and 
pressure.  In  some  instances,  depending  on  the  processing  parameters,  incomplete  consolidation 
occurred.  The  ultrasonic  methodology  developed  by  Matikas  et  al.  (1995)  was  able  to  determine 
which  processes  resulted  in  complete  consolidation.  The  technique  was  not  intended  to  work  on 
a  sample  made  of  a  large  number  of  randomly  oriented  fibers.  Rather,  it  was  used  to  define  the 
processing  parameters  most  likely  to  result  in  complete  consolidation.  As  such,  the  information 
might  have  been  found  through  a  destructive  test  more  easily. 

Chen  et  al.  (1996)  also  examined  the  interface  between  the  matrix  and  reinforcing  element.  In 
this  case,  the  material  was  zirconia  particles  in  a  zinc  alloy  matrix.  The  authors  used  a 
photothermal  microscope  to  delineate  the  boundary  between  the  particle  and  matrix.  While  the 
microscope  could  focus  down  to  a  minimum  diameter  of  7  pm  and  identify  near-surface  particles 
of  zirconia,  it  could  not  distinguish  between  the  different  processing  techniques  used  to  prepare 
the  samples. 

Ultrasonic  C-scans  have  been  used  by  many  groups  to  identify  flaws  in  MMCs.  Besides  the 
early  work  by  Schramm  and  Daniel  (1982)  and  Johnson  (1989)  conducted  a  C-scan  investigation 
of  an  MMC  made  of  boron  fibers  in  an  aluminum  matrix.  The  study  indicated  that  gaps  between 
fibers  (0.14  mm  in  diameter)  could  be  detected  with  a  C-scan.  The  gaps  were  produced  during 
the  fabrication  process.  This  particular  material  has  the  boron  fibers  aligned  and  in  well-defined 
layers.  There  was  not  much  detail  given  about  the  parameters  associated  with  the  C-scan,  other 
than  they  were  produced  with  an  Automation  Industries  Model  S-80  pulse-echo  unit.  No 
quantitative  correlation  could  be  made  between  the  detected  flaw  and  material  properties  such  as 
fatigue  endurance  limits.  Tsangarakis  et  al.  (1985)  examined  an  alumina-aluminum  MMC  plate 
with  a  hole  in  its  center  and  subjected  to  tension-tension  fatigue  tests.  Differences  between 
C-scan  images  before  and  after  the  fatigue  tests  provided  a  measure  of  the  shape  of  the  fatigue 
damage  near  the  central  hole.  Fatigue  damage  consisted  primarily  of  fiber  debonding. 

Canumalla  et  al.  (1992)  used  C-scans  to  investigate  squeeze-cast  aluminum-alumina  silicate 
samples  for  manufacturing  flaws.  In  this  case,  the  fiber  density  was  relatively  low  (10%).  The 
researchers  identified  an  area  in  the  center  of  the  sample  that  gave  high  ultrasonic  damping.  This 
portion  of  the  sample  was  sectioned  to  find  a  high  density  of  small  voids,  presumably  made 
during  the  manufacturing  process. 

An  attempt  to  determine  void  content  on  a  more  quantitative  basis  was  made  by  Thompson  et  al. 
(1991).  The  authors  studied  the  frequency  dependence  of  the  attenuation  and  related  it  to  the 
void  density.  They  found  that  the  void  content  was  proportional  to  da/df,  where  a  is  the 
attenuation  and  f  is  the  frequency.  The  proportionality  constant  (k)  was  found  to  depend  on  the 
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void  morphology  (4  for  spheres  and  2  for  flat  voids),  so  that  one  needs  to  know  what  type  of  void 
is  present  a  priori.  Schwer  et  al.  (1991)  used  this  technique  to  measure  the  void  content  in  a 
graphite-epoxy  filament-wound  rocket  motor  case.  They  found  that  the  void  content  fell 
between  2.6%  and  7.2%,  depending  on  whether  the  voids  were  fiat  cylinders  or  spheres.  Acid 
digestion  of  the  sample  later  confirmed  the  void  content  to  be  4.4%.  An  optical  microscope  was 
used  to  examine  the  void  morphology  in  an  intact  sample  of  material.  It  was  found  that  there 
were  a  great  variety  of  void  shapes  and  sizes.  The  authors  concluded  that  a  great  deal  more  work 
was  needed  to  be  conducted  to  provide  a  quantitative  measure  of  the  void  content  in  these  types 
of  materials. 

Besides  Schramm  and  Daniel  (1982),  several  groups  have  used  multiple  NDE  techniques, 
combined  with  microstructural  (destructive)  observations  to  correlate  NDE  data  with  material 
defects.  Hsu  et  al.  (1994)  used  ultrasonic  C-scan,  eddy  current,  and  x-ray  radiography 
measurements  to  probe  an  MMC  made  of  a  nickel-iron-aluminum  matrix  and  tungsten  wires. 

The  wires  were  in  three  layers  and  contained  180  wires  per  layer.  The  sample  dimension  was 
27.6  X  18.5  X  0.72  mm.  Both  the  eddy  current  and  C-scan  returned  images  that  had  similar 
features.  The  x-ray  scan  did  not  correlate  well  with  the  other  images.  A  microstructural 
examination  of  the  sample  indicated  that  there  was  no  correlation  between  the  NDE  results  and 
the  small  amount  of  porosity  present.  However,  the  eddy  current  and  C-scan  data  correlated  with 
fiber  density  averaged  over  the  three  layers  and  taking  into  account  the  beam  widths  of  the 
measuring  devices. 

Tsangarakis  et  al.  (1985)  also  used  multiple  NDE  techniques  along  with  a  microstructural 
examination  to  correlate  fatigue  damage  with  NDE  results.  As  mentioned  above,  C-scans  were 
taken  before  and  after  fatigue  tests  were  conducted  on  an  MMC  made  up  of  an  aluminum-lithium 
matrix  and  alumina  fibers.  The  authors  also  used  thermography  and  a  limited  x-ray  examination 
of  the  samples.  The  x-ray  approach  revealed  fatigue  cracks  but  could  not  detect  the  striations 
due  to  matrix  plastic  deformation.  Interpretation  of  the  thermal  measurements  was  difficult,  but 
the  conclusion  was  that  thermography  could  be  used  to  identify  surface  fatigue  damage  in 
isolated  cases. 

In  investigations  of  thermal  fatigue  damage  to  an  alumina  fiber-aluminum  matrix  composite. 
Bridge  et  al.  (2001)  used  ultrasonics  to  track  the  changes  in  modulus  of  cylindrical  and  fiat-plate 
specimens  as  a  function  of  the  number  of  cycles.  They  produced  results  that  were  dependent  on 
the  specimen  geometry  (fiat  plate  or  cylinder),  type  of  sound  wave  (longitudinal  or  shear),  and 
matrix  content  (pure  aluminum  or  aluminum-copper  alloy).  In  general,  substantial  reductions  in 
both  strength  and  modulus  occurred  after  1000  cycles  at  300  “C  (20%-30%  for  the  cylindrical 
alloy  matrix  specimens  and  20%-65%  for  the  cylindrical  pure-aluminum  matrix  specimens). 
Eurther  work  is  being  done  to  correlate  microstructual  observations  with  the  NDE  results. 

Buchanan  et  al.  (1997)  also  used  NDE  techniques  to  track  damage  accumulation  in  MMCs 
during  mechanical  testing.  Whereas  Bridge  et  al.  (2001)  made  discreet  measurements  as  a 
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function  of  cycle  number,  Buehanan  et  al.  (1997)  made  eontinuous  measurements.  In  their 
experiments,  changes  in  peak-to-peak  amplitude  of  transmitted  ultrasound  was  found  to  be  a 
good  indieator  of  impending  sample  failure. 

Computed  tomography  (CT)  has  been  used  over  30  years  in  the  medical  field  but  only  in  the  last 
deeade  or  so  has  it  been  used  for  NDE  of  fiber-reinforeed  eomposites  (see,  for  instanee,  early 
work  by  Ostman  and  Persson  [1988]).  The  equipment  needed  to  produce  CT  images  of  eomplex 
parts  requires  a  large  capital  investment  as  well  as  an  operator  skilled  in  produeing  and 
interpreting  the  images  (Green,  2002).  However,  CT  has  the  advantage  over  ultrasonie 
techniques  in  that  it  is  not  affected  as  much  by  surfaces.  One  example  of  its  use  was  to  examine 
an  MMC  made  up  of  silicon  carbide  fibers  in  a  titanium  alloy  matrix  (Yancey  and  Baaklini, 
1994).  The  MMC  was  in  the  form  of  a  ring  and  was  eontained  inside  a  titanium  sleeve.  The  CT 
sean  was  able  to  distinguish  density  differences  within  the  MMC  as  well  as  misalignment 
between  the  inner  core  of  MMC  and  the  titanium  surround.  Microstruetural  analysis  identified 
fiber  packing  density  variations  as  the  source  of  the  density  variations. 

Kupperman  et  al.  (1990)  used  neutron  diffraetion  to  measure  the  strains  in  an  MMC  made  of 
silieon  carbide  fibers  in  a  titanium  matrix.  (The  fibers  were  aligned  parallel  to  each  other.) 
Beeause  neutrons  can  penetrate  more  deeply  than  x-rays,  this  approaeh  offers  the  potential  to 
provide  bulk  measurements.  The  internal  strains  were  produced  as  a  result  of  the  difference  in 
coefficients  of  thermal  expansion  between  the  titanium  and  the  silicon  carbide  and  the  fact  that 
the  composite  was  made  by  infiltrating  molten  titanium  into  the  fibers  and  then  solidifying  the 
composite.  The  authors  measured  strains  of  0.25%  parallel  to  the  fiber  direetion,  which 
translates  into  a  residual  longitudinal  stress  of  1300  MPa.  However,  the  authors  eautioned  that 
there  was  some  uneertainty  in  the  measurements  due  to  fact  that  the  crystal  structure  of  the  fibers 
and  the  texture  of  the  matrix  were  not  clearly  defined. 

Numerous  papers  have  been  written  on  using  NDE  teehniques  (primarily  ultrasonics)  to 
characterize  the  elastie  properties  of  MMCs.  Wu  and  Ho  (1990)  used  ultrasonic  wave  time-of- 
fiight  measurements  to  determine  the  elastie  constants  of  a  unidirectional  carbon  fiber-reinforced 
composite.  Similar  work  was  done  by  Chien  et  al.  (1994)  to  investigate  the  anisotropie  nature  of 
MMCs  (primarily  fiberglass).  Canumalla  et  al.  (1994)  attempted  to  measure  the  Young’s 
modulus  of  alumina-silieate  fibers  using  an  acoustie  mieroscope.  Beeause  the  fibers  were  too 
small  for  this  approaeh  to  be  useful,  the  authors  measured  the  Young’s  modulus  on  large 
globular  samples  of  the  fiber  material  (also  formed  at  the  same  time  the  fibers  are  produeed). 
They  found  that  the  measurements  underpredicted  the  Young’s  modulus  of  the  fibers 
(determined  through  other  means).  Dunn  and  Ledbetter  (1995)  used  ultrasonics  to  determine  the 
fiber  orientation  distribution  funetion  (a  measure  of  anisotropy)  in  both  silicon  carbide-aluminum 
and  alumina-aluminum  MMCs.  Lee  and  Park  (1995)  charaeterized  a  squeeze-east  alumina- 
aluminum  MMC  in  terms  of  its  elastie  constants.  They  also  found  that  the  volume  fraetion  of 
fibers  was  correlated  with  the  ultrasonie  wave  velocity.  Honarvar  and  Sinclair  (1998)  used 
resonance  acoustie  spectroscopy  to  determine  the  elastic  constants  of  a  cylinder  made  of 
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Nextel  610  ceramic  fibers  in  an  aluminum  matrix.  The  theoretical  and  measured  elastic 
constants  were  in  good  agreement. 

Some  general  conclusions  based  on  the  literature  survey  are  summarized  below.  In  this  search, 
emphasis  was  placed  on  continuous  fibers  embedded  in  a  metal  matrix.  This  restriction 
narrowed  the  search  considerably.  While  some  reports  may  have  been  missed,  the  following 
conclusions  are  representative  of  the  state  of  the  art  with  regard  to  this  specific  area: 

1 .  MMCs  are  inherently  difficult  to  examine  with  NDE  techniques  because  of  their  anisotropy 
and  inhomogeneity. 

2.  Individual  microscopic  defects  in  MMCs  are  extremely  difficult  to  detect  with  standard 
NDE  techniques;  success  has  been  demonstrated  in  identifying  sample-wide  defects  such 
as  excessive  porosity,  gross  delaminations,  variations  in  fiber  density,  and  fatigue  damage. 

3.  Understanding  what  the  most  likely  type  of  material  defect  in  a  given  MMC  is  will  suggest 
the  NDE  approach  to  take  and  where  to  look  for  the  defect.  The  presence  of  two  types  of 
defects  (e.g.,  porosity  and  delamination)  complicates  the  NDE  evaluation  considerably. 

4.  Defect  detection  is  qualitative  in  nature;  unless  some  NDE  standard  is  first  developed,  there 
is  no  hope  to  quantify  defect  levels.  If  an  NDE  standard  is  used,  high  dimensional 
tolerances  are  required. 

5.  The  ultrasonic  C-scan  is  the  most  common  NDE  technique  used  for  probing  MMCs. 
Commercial  equipment  is  readily  available  to  perform  attenuation,  time-of-flight,  and 
pulse-echo  measurements. 

6.  Ultrasonics  is  a  useful  tool  for  determining  the  elastic  constants  of  MMCs. 

7.  Operators  skilled  in  producing  and  interpreting  NDE  data  are  required  for  meaningful 
results. 


3.  Samples  With  Known  Flaws 


Eive  samples  of  AIMMC  were  purchased  from  3M  Corporation.  The  samples  were  produced  in 
early  attempts  to  squeeze  cast  AIMMC  material.  3M  Corporation  had  determined  that  the 
samples  had  flaws  in  them  and  provided  information  to  ARE  as  to  what  types  of  flaws  were 
present  in  each  sample.  Table  3  gives  the  specifics  for  these  samples. 

Sample  121202-1-1  was  not  machined  and  did  not  have  smooth  surfaces.  Consequently,  no 
C-scans  were  made  with  this  sample.  Sample  1 12202-1-2  was  machined  and  had  a  small  amount 
of  surface  roughness  where  there  was  incomplete  infiltration.  Sample  110101-2-1  was  listed  as 
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Table  3.  3M  sample  inventory. 


Plate  ID 

Dimensions 

(in) 

Weight 

(g) 

Defect 

112202-1-2 

0.12  X  5.91  X  5.94 

231.66 

Uninfiltrated 

121202-1-1 

0.187  X  6.1  X  6.1 

336.56 

Uninfiltrated 

6243-1 

0.20  X  0  X  2.75  X  6.1 

182.43 

Copper  intermetallie 

110102-2-1 

0.25  X  1  X  7,125 

102.29 

Carbon  residue 

121202-3-2 

0.485  X  1.75  X  6.1 

282.48 

Fiber  waviness 

having  carbon  residue.  The  residue  was  left  over  after  burning  off  the  epoxy  used  to 
manufacture  the  fiber  prepreg.  The  wave  in  sample  121202-3-2  was  close  to  the  end  of 
thesample  and  consequently  difficult  to  examine  with  ultrasonics.  This  wave  is  shown  in 
figure  1. 


Figure  1.  Photograph  of  edge  of  sample  121202-3-2  showing  wave  in  fiber  layers. 

In  addition  to  the  samples  previously  mentioned,  3M  Corporation  provided  a  portion  of  an 
AIMMC  tube  that  had  been  destructively  tested.  Fiber  misalignment  (or  waviness)  was  noted  on 
the  end  of  the  sample  portion.  A  photomicrograph  of  the  polished  end  of  the  sample,  labeled 
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3MC1,  is  shown  in  figure  2.  The  dark  striations  are  the  longitudinal  layers  and  the  lighter  bands 
are  the  hoop  wraps.  This  sample  was  included  in  the  NDE  tests  with  the  other  samples. 


Figure  2.  Polished  end  of  sample  3MC1  showing  fiber  misalignment. 


4.  Ultrasonic  Experimental  Approach  and  Initial  Results 


4.1  Initial  Considerations 

The  U.S.  Army  applications  of  AlMMCs  for  immediate  consideration  are  an  artillery  shell  and  a 
composite  mortar  tube.  A  prototype  AIMMC  artillery  shell  has  been  demonstrated  (Hoppel, 
2002),  but  the  use  of  AIMMC  in  a  gun  tube  is  still  being  developed.  Other  applications  will 
undoubtedly  arise  as  the  material  gains  greater  acceptance  and  the  price  comes  down.  For  the 
present  purposes,  focus  will  be  placed  on  the  types  of  flaws  that  will  be  critical  for  these  types  of 
applications.  Specifically,  the  NDE  techniques  will  need  to  be  able  to  detect  gross  defects  such 
as  delaminations,  large  cracks  in  the  matrix,  areas  of  low  fiber  content,  lack  of  infusion,  and 
large  degrees  of  porosity.  Of  lesser  concerns  are  the  detection  of  inclusions,  contamination, 
broken  fibers,  and  microscopic  cracking. 
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One  of  the  most  simple  and  obvious  NDE  teehniques  that  has  been  used  in  the  past  is  visual 
examination.  This  teehnique  ean  be  used  sueeessfully  when  flaws  sueh  as  eraeks  or 
delaminations  interseet  the  surfaee  of  the  part.  One  of  the  flawed  parts  deseribed  in  table  3  had  a 
region  of  poor  metal  infiltration  near  the  surfaee,  eausing  the  maehined  surfaee  to  be  quite  rough. 
The  defeet  was  elearly  visible  to  the  naked  eye.  Fiber  waviness  is  also  quite  evident,  espeeially 
in  several  AIMMC  eylinders  that  were  maehined  so  that  alternating  fiber  layers  interseeted  the 
surfaee  to  give  the  surfaee  a  “wood  grain”  appearanee. 

Another  simple  NDE  teehnique  is  a  determination  of  density.  During  the  eourse  of  this 
investigation,  the  University  of  Delaware  provided  AIMMC  eylinders  to  ARE.  One  of  these 
eylinders,  labeled  UDEE  No.  3,  was  weighed  in  both  air  and  water.  The  values  were  1003.8  and 
695.1  g,  respeetively.  The  temperature  of  the  water  at  the  time  of  the  weighing  was  22  °C. 

Using  the  density  of  water  at  this  temperature  (0.9978  g/em  ),  the  ealeulated  density  is 

1003.8/(1003.8-695. 1)*0.9978  =  3.24  g/cm\  (1) 

Given  that  the  density  of  the  aluminum  matrix  is  2.7  g/em  and  the  density  of  the  fibers  is 
3.90  g/em  (Fiek,  2003),  the  fiber  volume  fraetion  ean  be  ealeulated  from  the  rule  of  mixtures  to 
be  44%.  This  density  measurement  shows  that  the  fiber  volume  fraetion  is  signifieantly  lower 
than  expeeted. 

4,2  Ultrasonic  Measurements  and  Experimental  Setup 

Standard  proeedures  were  used  for  making  ultrasonie  measurements  on  the  AIMMC  speeimens. 
These  proeedures  will  be  reviewed  briefly  to  elarify  how  the  data  were  obtained  and  indieate 
possible  sourees  of  error. 

The  ultrasonie  equipment  is  shown  in  figure  3.  It  eonsists  of  a  water  bath,  an  ultrasonie  probe 
mounted  on  an  arm,  a  three-axis  motorized  position  eontroller  for  the  arm,  and  a  motor  eontrol 
unit  that  is  governed  by  instruetions  from  the  software  paekage.  The  software  paekage  used  for 
this  work  is  Ultrawin*  written  by  Physieal  Aeousties  Corporation,  Prineeton,  NJ.  The  mode  of 
operation  was  pulse-eeho.  That  is,  the  transdueer  aeted  as  a  transmitter  of  the  ultrasonie  signal 
and  also  as  the  reeeiver  of  the  eehoes.  Figure  4  shows  a  elose-up  of  the  ultrasonie  probe  and 
AIMMC  sample.  In  all  eases,  the  ultrasonie  pulse  was  transmitted  through  the  smallest 
dimension  of  the  sample  (i.e.,  its  thiekness). 

A  5-MHz  transdueer  was  ehosen  for  this  work.  A  10-MHz  transdueer  was  tried  initially,  but  the 
signal  attenuation  was  too  great  for  this  transdueer  to  be  of  value.  The  resolution  of  the  5-MHz 
transdueer  signal  is  adequate  to  deteet  small  flaws  in  the  AIMMC  material.  If  the  smallest  flaw 
to  be  deteeted  is  on  the  order  of  the  wavelength  of  the  signal  (k),  then  the  relationship  between 
the  frequeney  (f),  wave  speed  (e),  and  k  gives  the  smallest  flaw-size  deteetable  as 
e/f 8  mm  ps/5  x  10^  Hz  1.6  mm  or  0.06  in.  The  resolution  is  also  determined  to  some 
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Figure  3.  Ultrasonic  scanning  equipment. 


extent  by  the  physical  dimensions  of  the  transducer  itself.  The  transducer  was  passed  across  the 
edge  of  an  aluminum  plate,  and  the  amplitude  of  the  second  echo  was  measured.  Figure  5  shows 
a  plot  of  the  normalized  amplitude  measurements  vs.  the  transducer  position. 

The  results  indicate  that  the  transducer  can  detect  a  large  change  in  density  with  the  resolution  of 
~2  mm.  That  is,  between  the  10%  and  90%  detection  levels,  the  transducer  position  changes 
-“2  mm. 

An  example  of  an  echo  pattern  obtained  for  an  AIMMC  sample  is  shown  in  figure  6.  The  first 
peak  is  the  echo  reflected  from  the  surface  of  the  material.  The  second  peak  has  traversed  the 
sample  thickness  twice,  the  third  peak  four  times,  and  so  forth. 

The  software  allows  two  gates  to  be  placed  anywhere  in  the  echo  pattern.  For  this  work,  a  gate 
was  set  up  over  the  expected  location  of  the  second  echo.  (The  first  echo  does  not  interact  with 
the  interior  of  the  sample  and  therefore  cannot  be  used  for  internal  flaw  detection.)  There  are 
two  detection  modes  that  can  be  used  in  conjunction  with  the  gate.  The  one  selected  for  this 
work  was  peak  detection.  In  this  mode,  the  peak  with  the  highest  amplitude  within  the  gated 
region  is  selected  for  measurement.  The  time  duration  that  the  gate  is  open  can  be  increased  or 
decreased  to  ensure  that  the  entire  peak  is  contained  within  the  gated  region. 
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Figure  4.  Normalized  signal  amplitude  vs.  transdueer  position. 


Figure  5.  Normalized  signal  amplitude  vs.  transdueer  position. 
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Figure  6.  Echo  pattern  for  a  5-MFiz  signal  traversing  an  AIMMC  sample. 


The  C-scan  is  produced  by  moving  the  transducer  in  a  pattern  that  rasters  over  the  entire  sample. 
The  peak  amplitude  for  the  gated  echo  is  measured  at  discrete  points,  and  a  color  code  is  used  to 
display  the  data  in  a  two-dimensional  picture.  Normally,  a  defect  in  a  material  will  cause  a  loss 
in  signal  amplitude.  Thus,  defects  are  indicated  by  low  signal  returns.  Clearly,  the  procedure  is 
qualitative  in  nature,  and  defects  are  detected  through  differences  in  signals.  Also,  the  nature  of 
the  defect  (inclusion,  delamination,  fiber  waviness,  etc.)  is  not  indicated. 

The  gate  can  be  triggered  in  two  ways.  For  this  work,  the  gate  was  triggered  from  the  signal 
associated  with  the  first  echo.  Because  the  gate  is  open  for  a  certain  time  duration,  a  change  in 
sample  thickness  may  result  in  the  selected  echo  moving  out  of  the  gated  region.  In  this  case,  the 
detected  peak  amplitude  may  decrease  to  zero  giving  a  false  positive  for  defect  detection. 
Consequently,  it  is  important  to  have  either  a  gate  that  has  a  large  time  span  or  a  sample  with 
uniform  thickness  throughout  the  region  that  is  being  scanned. 

4,3  Ultrasonic  Examination  of  AlMMCs  With  Known  Flaws 

4,3,1  Lack  of  Infusion  Flaw 

C-scans  were  performed  on  four  of  the  five  samples  received  from  3M  Corporation  plus  the 
partial  cylinder  made  from  AIMMC.  The  first  sample  examined  was  1 12202-1-2.  The  scan  for 
this  sample  is  shown  in  figure  7. 
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Figure  7.  C-scan  of  sample  112202-1-2. 


In  this  figure,  the  red  indicates  a  strong  return  signal,  the  blue  represents  a  weaker  return,  and  the 
white  indicates  a  very  low  return.  Thus,  there  is  a  good  possibility  that  some  type  of  flaw  is 
located  in  the  white  area.  In  fact,  the  surface  roughness  of  this  plate  (even  after  machining)  was 
an  indication  that  the  fibers  had  not  been  completely  infused  with  aluminum.  This  area  of 
surface  roughness  is  shown  in  figure  8  as  an  overlay  to  the  C-scan.  It  is  considerably  smaller 
than  the  total  area  shown  by  the  C-scan  to  have  a  potential  defect.  The  transition  Ifom  the  area 
indicated  by  blue  on  the  C-scan  to  the  white  area  was  investigated  in  a  more  quantitative  manner. 
Individual  measurements  of  the  sonic  velocity  and  second  peak  amplitude  were  taken  along  the 
broken  line  shown  in  figure  7.  The  equation  of  this  broken  line  would  be  x  =  3  inches  in  a 
coordinate  system  where  x  =  y  =  0  is  the  bottom  left-hand  corner  of  the  plate.  A  plot  of  the 
second  peak  amplitude  vs.  position  along  the  measurement  axis  is  shown  in  figure  8.  There  was 
virtually  no  signal  (first  peak  amplitude)  between  y  =  0.5  in  and  y  =  2.8  in.  The  drop-off  in 
signal  going  from  y  =  3.2  in  to  y  =  2.9  in  is  almost  as  steep  as  that  shown  in  figure  6,  indicating 
an  abrupt  discontinuity  in  material  properties. 

It  was  also  noticed  that  there  appeared  to  be  some  correlation  between  the  second  peak  amplitude 
and  the  sonic  velocity.  The  sonic  velocity  was  determined  by  measuring  the  transit  times  of  the 
second  through  third  echoes,  taking  an  average,  and  dividing  that  time  into  twice  the  sample 
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Figure  8.  Peak  amplitude  of  the  second  echo  as  a  function  of  position  along  the  measurement  axis. 


thickness.  In  the  ease  where  the  peak  amplitude  was  too  low  to  obtain  an  average  from  three 
eehoes,  no  veloeity  was  determined.  The  results  are  shown  in  figure  9. 

Exeept  for  the  one  outlying  point,  there  appears  to  be  a  rough  linear  relation  between  the  sonie 
veloeity  and  peak  amplitude.  The  low  value  of  the  amplitude  for  the  outlier  might  be  due  to  the 
surfaee  roughness,  dispersing  the  ineident  sonie  wave  and  thus  redueing  the  amplitude  of 
subsequent  eehoes. 

The  plate  was  eut  along  the  measurement  axis  to  reveal  the  internal  strueture  of  the  eomposite 
material.  High-magnifieation  photographs  of  two  regions  are  eontrasted  in  figures  10  and  11.  In 
figure  10,  the  portion  of  the  sample  where  the  ultrasonies  indieated  a  sound  material  is  shown. 
This  figure  reveals  alternating  layers  of  fiber  material  with  even  spaeing  between  layers. 

Figure  1 1  shows  a  small  portion  of  the  region  where  problems  might  be  expeeted  from  the 
ultrasonie  measurements.  This  photomierograph  in  this  figure  appears  to  be  slightly  out  of  foeus. 
This  is  due  to  the  uneven  nature  of  the  polished  surfaee.  That  is,  there  are  portions  of  layers 
where  only  fibers  are  present  with  no  aluminum  matrix.  In  some  areas  fibers  are  missing, 
possibly  removed  during  the  polishing  proeess.  It  is  elear  that  this  is  the  portion  of  the  sample 
where  there  is  a  laek  of  infusion. 
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Figure  9.  Sonic  velocity  vs.  peak  amplitude  along  the  measurement  axis. 

A  visual  examination  with  a  low-power  magnifying  glass  of  the  eut  and  polished  surfaee 
revealed  delaminations  or  laek  of  infusion  from  y  =  0.5  in  to  y  =  2.75  in.  This  eorresponds  to 
the  white  region  in  the  C-sean  for  this  sample. 

4,3,2  Waviness  Flaw 

Two  samples  were  examined  that  had  fiber  waviness  or  misalignment.  A  C-sean  of  sample 
121202-3-2  is  shown  in  figure  12.  The  seale  shown  in  the  bottom  of  this  figure  is  in  inehes  and 
is  applieable  only  to  the  horizontal  direetion.  The  sample  is  ~6.\  in  long.  A  small  strip  at  the 
right-hand  edge  of  this  sample  was  machined  thinner  than  the  remainder  of  the  sample. 
Consequently,  there  was  no  return  signal  within  the  gated  area  for  this  portion  of  the  sample. 

This  figure  shows  the  area  where  the  fiber  waviness  is  observed,  extending  -'S/S  in  along  the  left 
edge  of  the  sample  (see  also  figure  1).  While  this  portion  of  the  C-scan  has  a  somewhat  weaker 
return  signal  than  other  portions  of  the  sample,  it  certainly  is  strong  enough  to  suggest  there  is  no 
significant  defect  in  that  region.  There  also  appears  to  be  a  more  serious  defect  indicated  by  the 
white  area  in  the  middle  right-hand  portion  of  the  sample.  The  sample  was  sectioned 
perpendicular  to  the  long  axis  of  the  sample  through  a  location  that  would  reveal  what  sort  of 
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Figure  10.  Photomicrograph  of  sound  material  portion  of  sample  112202-2-1  (through-thickness 
cross  section). 


Figure  11.  Photomicrograph  of  unsound  portion  of  sample  112202-1-2. 
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Figure  12.  C-scan  of  sample  121202-3-2  (fiber  waviness). 


defect  was  represented  by  the  white  area  in  the  C-scan.  However,  no  defect  of  any  significance 
could  be  observed  in  this  location. 

A  second  sample  of  waviness  in  the  fiber  layers  was  found  in  the  partial  cylinder  sample 
provided  by  3M  Corporation  (see  figure  2).  It  was  labeled  as  3MC1 .  The  sample  was  in  the 
form  or  an  arc  (-130°)  that  was  0.94  in  wide  and  0.20  in  thick.  The  C-scan  of  this  sample  is 
shown  in  figure  13.  The  scale  at  the  bottom  of  this  figure  is  in  degrees.  The  waviness  occurs 
from  -28^0°.  There  is  no  indication  from  the  C-scan  that  there  is  a  significant  defect  located  in 
this  region.  (The  blue  portion  of  the  C-scan  is  attributed  to  edge  effects.) 

4,3,3  Carbon  Residue  Flaw 

The  next  sample  examined  (110102-2-1)  had  carbon  residue  as  a  known  flaw.  It  was  not  clear  at 
the  onset  how  this  defect  would  appear  on  the  C-scan.  Its  C-scan  is  shown  in  figure  14.  The 
scale  at  the  bottom  of  the  figure  is  in  inches.  The  sample  length  was  over  7  in.  However,  most 
of  the  C-scan  signal  is  missing  from  -6  to  7  in.  There  is  also  a  flaw  indication  in  a  line  running 
along  the  top  of  the  C-scan.  This  latter  flaw  is  attributed  to  the  machining  groove  cut  in  the 
surface  of  the  sample. 

After  polishing  the  edge  of  this  sample,  a  closer  look  at  the  right-hand  end  revealed  two  cracks  in 
separate  planes  extending  about  an  inch  into  the  sample  from  the  right  end.  Figure  15  shows  a 
photomicrograph  of  edge  of  this  sample  at  the  right-hand  end. 
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Figure  13.  Carbon  residue  flaw. 


Figure  14.  C-sean  of  sample  110102-2-1  (earbon  residue). 


4,3,4  Copper  Intermetallic  Flaw 

The  final  sample  with  a  known  defect,  6243-1,  was  scanned  with  the  result  shown  in  figure  16. 
Note  that  the  horizontal  scale  (in  inches)  does  not  apply  in  the  vertical  direction.  There  was  no 
indication  of  any  major  defect  in  this  sample. 
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Figure  15.  Photomicrograph  of  edge  of  sample  1 10102-2-1. 


077  155  Z32  3^9  JoT  4.64  ”  5.41”  6.19 


Figure  16.  C-scan  of  sample  6243-1. 
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5.  Meandering  Winding  Magnetometer  Evaluation  of  AIMMC 


5.1  Background  and  Theory 

Eddy  current  measurements  have  been  a  useful  nondestruetive  evaluation  technique  for  metals 
for  some  time.  The  general  idea  behind  this  approach  is  to  produce  a  eurrent  in  a  wire  (driving 
eoil)  near  the  surface  of  a  metal  that  induces  eddy  eurrents  in  the  metal.  This  induced  current 
produces  a  magnetic  field  that  opposes  the  field  produeed  by  the  drive  coil.  By  sensing  the 
induced  eurrent,  measurements  can  be  made  to  determine  the  loeal  ehanges  in  the  metal’s 
electrical  properties  (eonductivity  and  permeability).  Those  changes  may  be  indicative  of  flaws 
in  the  metal. 

Jentek  Sensors  has  taken  this  technique  to  a  higher  level.  They  have  solved  Maxwell’s 
Equations  for  speeific  situations  to  ereate  databases  of  responses  that  allow  the  real-time 
eonversion  of  sensor  responses  into  actual  values  for  material  and  geometrie  properties,  sueh  as 
conductivity  and  permeability.  One  of  the  keys  to  their  approaeh  is  to  design  the  drive  winding 
and  sensing  eoil  so  that  the  sensor  response  can  be  accurately  modeled.  In  addition,  the  MWM 
hardware  and  software  has  been  designed  so  that  sources  of  error  induced  by  the  electrical 
circuitry  in  the  equipment  can  be  zeroed  out  in  an  efficient  manner  and  still  have  long  leads  to 
the  sensing  elements.  An  additional  advantage  is  that  the  system  can  be  easily  ealibrated  in  air 
for  some  applications. 

The  solutions  to  Maxwell’s  Equations  are  put  into  databases  of  responses  that,  in  two 
dimensions,  can  be  displayed  in  the  form  of  measurement  grids  that  plot  two  ealculated 
parameters  in  terms  of  the  two  measurement  responses.  In  the  current  ease,  those  parameters  are 
conductivity  and  lift  off  (distance  from  the  sensor  to  the  surface  of  the  sample).  In  order  to 
determine  these  two  parameters,  two  variables  are  measured.  These  variables  are  the  magnitude 
and  phase  of  the  eomplex  transinductance.  The  transinductanee  is  equal  to  the  transimpedance 
divided  by  2nfi,  where  f  is  the  frequency  (in  Hertz)  of  the  drive  signal  and  I  is  the  square  root  of 
minus  one.  The  transimpedance  is  given  by  the  sensing  element  voltage  divided  by  the  drive 
winding  current  (Goldfme  et  ah,  2002).  The  transinduetance  expresses  the  inductive  coupling 
between  the  drive  winding  and  the  sensing  elements.  The  measurement  grids  are  generated  prior 
to  data  aequisition  and  eover  the  range  of  material  and  geometric  properties  expeeted  during  the 
measurements.  Beeause  the  bulk  of  the  model  computations  are  done  ahead  of  time, 
measurements  of  the  sensor  response  can  be  converted  into  effeetive  material  and  geometrie 
properties  in  near  real  time  by  performing  a  table  look  up.  In  generating  these  solutions,  it  is 
assumed  that  the  material  under  examination  can  be  represented  by  a  layered  geometry.  Eor 
basic  measurements  of  two  parameters,  such  as  conductivity  and  lift  off,  the  material  under 
examination  is  typieally  taken  as  infinitely  thiek.  This  assumption  is  generally  good  for 
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high-frequency  signal  drives,  where  the  imposed  electromagnetic  field  does  not  interrogate  the 
sample  very  deeply.  However,  if  the  part  is  relatively  thin  so  that  the  sensor  is  also  sensitive  to 
the  material  thickness,  the  effective  properties  that  are  measured  can  be  different  from  the  true 
properties.  In  these  situations,  measurement  grids  that  account  for  the  material  thickness  or 
higher  order  databases  (e.g.,  three  or  more  dimensions)  that  allow  three  or  more  properties  to  be 
determined,  such  as  material  thickness,  conductivity,  and  lift  off,  can  be  used.  One  of  the  grids 
used  in  this  study  is  shown  in  figure  17. 


Figure  17.  Solution  grid  used  in  this  study. 

Variations  in  the  measured  effective  properties  can  reflect  the  presence  of  features  or  flaws  in  the 
material.  When  the  flaw  geometry  is  modeled  by  the  geometry  assumed  for  the  grids,  then  the 
flaw  can  appear  in  only  one  of  the  effective  parameters.  For  example,  the  feature  can  appear  as  a 
deviation  in  the  conductivity  alone  if  it  is  relatively  thick  and  larger  than  the  sensor  footprint.  If 
it  is  relatively  shallow  and  small  compared  to  the  sensor  footprint,  it  can  appear  as  a  deviation  in 
the  effective  conductivity  and  lift-off  reponses.  As  another  example,  if  a  paint  layer  thickness  is 
varying,  then  the  lift-off  response  will  change  but  the  conductivity  should  remain  constant. 
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The  depth  to  whieh  the  eleetromagnetic  field  penetrates  a  given  material  comes  out  of  the 
solution  to  Maxwell’s  Equations  for  the  type  of  sensor  used  by  Jentek.  The  strength  of  the 
magnetic  field  is  proportional  to  exp  (-Tnz),  where  z  is  the  depth  into  the  material  and  Tn  is 
given  by  (Goldfme  et  ah,  2002)  as 

Tn  =  ( (27in/k)^  +  21/6^  .  (4) 

Here,  k  is  the  wave  length  of  the  drive  coil,  n  is  the  harmonic  number  (an  integer),  i  is  the  square 
root  of  minus  one,  and  5  is  given  by 

5  =  (l/7lfpa)^^^  (5) 

In  equation  5,  f  is  the  frequency  of  the  drive  signal  (in  Hertz),  p  is  the  permeability  of  the 
material,  and  a  is  the  conductivity  of  the  material.  The  penetration  depth  of  the  signal  is  given 
by  1  divided  by  the  real  part  of  Tn.  The  penetration  depth  is  defined  to  be  the  distance  into  the 
sample  where  the  drive  signal  drops  to  1/e  of  its  original  strength.  This  penetration  depth  is  not 
the  depth  of  sensitivity  though,  because  sensitivity  to  flaws  is  affected  by  such  factors  as  (1)  flaw 
size,  geometry,  and  depth;  (2)  differences  in  flaw  properties  compared  to  the  surrounding 
medium;  (3)  the  noise  level  of  the  instrumentation;  and  (4)  material  inhomogeneities  (e.g.,  grain- 
to-grain  variations).  As  a  very  rough  upper  bound,  the  maximum  depth  of  sensitivity  is  typically 
taken  as  three  times  the  depth  of  penetration.  Note  that  the  penetration  depth  is  more 
complicated  that  the  traditional  skin  depth,  given  by  equation  5.  For  high  frequencies  and 
conductivities,  the  traditional  skin  depth  term  dominates  the  penetration  depth.  For  low 
frequencies  and  relatively  large  sensor  dimensions,  the  first  term  in  equation  4  dominates.  This 
effect  is  shown  in  figure  18,  supplied  by  Jentek  Sensors.  Here,  the  depth  of  penetration  (DOP)  is 
shown  as  a  function  of  frequency  for  five  different  sensors  and  three  values  of  conductivity.  The 
conductivity  values  are  in  terms  of  the  International  Annealed  Copper  Standard  (lACS),  where 
copper  is  taken  as  100.  Thus,  30%  lACS  is  the  conductivity  of  a  material  that  has  30%  the 
conductivity  of  annealed  copper. 

For  the  work  to  be  presented  here,  the  sensing  array  FA24  was  used.  The  software  used  with  the 
system  allowed  measurement  of  conductivity  for  many  frequencies,  ranging  from  6  kHz  to  over 
100  kHz.  In  the  current  work,  frequencies  in  the  range  of  15-100  kHz  were  used.  From  the  data 
shown  in  figure  19,  this  frequency  range  corresponds  to  a  DOP  range  of  50-100  mil  for  a  low- 
conductivity  (3%  lACS)  sample.  Given  that  most  of  the  samples  examined  were  ~100  mil  thick 
and  the  measurement  grids  that  were  used  assumed  that  the  material  was  much  thicker  than  the 
DIP,  the  measured  effective  conductivity  will  be  affected  by  the  sample  thickness.  This  error 
will  generally  lead  to  a  reduction  in  the  effective  conductivity  as  the  frequency  is  decreased  and 
reflects  the  contribution  of  the  nonconducting  air  on  the  back  side  of  the  material.  The  sensing 
elements  in  the  flexible  arrays  are  basically  small  loops  that  can  be  arranged  in  a  line  that  can  be 
swept  over  the  surface  of  the  part  to  obtain  a  C-scan  of  the  material.  There  were  37  individual 
loops  (or  channels)  on  the  sensor  used  for  this  work. 
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Figure  18.  Approximate  depth  of  penetration  vs.  frequency  for  one  sensor  (FS35)  and  four 
sensing  arrays  (FA24m,  FA24,  FA26,  and  FA28)  (courtesy  of  Jentek  Sensors, 
Inc.). 


24 


The  loops  covered  a  length  of  3.66  in  (93  mm),  giving  an  average  lateral  span  of  100  mil 
(2.5  mm)  for  each  loop.  The  scan  is  aided  with  the  help  of  a  trolley  that  provides  position 
information  to  the  computer.  There  are  choices  offered  by  the  software  on  how  the  signals  from 
the  individual  channels  are  to  be  averaged  and  presented  in  the  output.  Software  settings  were 
chosen  such  that  there  was  no  averaging  of  the  individual  signals. 

Appropriate  grids  and  sensing  arrays  were  supplied  by  Jentek  Sensors  to  examine  the  AlMMCs. 
However,  it  must  be  understood  that  the  work  presented  here  is  preliminary  and  is  meant  only  to 
see  what  value  there  might  be  in  applying  MWM  technology  to  detection  of  flaws  in  AlMMCs. 


6.  Application  of  Ultrasonic  Measurements  in  Examining  Flat-Plate  AIMMC 


Twenty  flat  plate  AIMMC  specimens  were  received  from  the  University  of  Delaware  for 
examination  with  both  ultrasonic  C-scans  and  the  MWM  scans.  The  plates  were  originally 
produced  by  the  3M  Corporation.  All  plates  had  dimensions  of  ~6-  x  6-  x  0.1  in.  The  majority 
of  the  work  involved  ultrasonic  measurements.  The  purpose  of  this  work  was  to  determine  if  the 
ultrasonic  C-scans  were  capable  of  detecting  significant  flaws  in  AIMMC  samples.  (In  this 
context,  a  significant  flaw  is  one  that  would  have  a  large  effect  on  the  mechanical  properties  of 
the  material.)  The  plan  was  to  have  the  plates  mechanically  tested  (compression  tests)  at  the 
University  of  Delaware  so  that  a  link  between  the  NDE  results  and  mechanical  properties  could 
be  made. 

Most  of  the  plates  received  from  the  University  of  Delaware  did  not  contain  any  indications  that 
there  were  significant  flaws  present.  A  typical  scan  of  one  of  these  plates  is  shown  in  figure  19. 

Even  though  the  C-scan  is  fairly  uniform,  a  faint  cross-hatched  pattern  can  be  seen  that  is 
indicative  of  the  fiber  orientations  (0  and  90°).  A  sample  with  a  ±45°  fiber  layup  is  shown  in 
figure  20.  The  cross-hatching  is  more  pronounced  in  this  sample.  However,  the  return  signal 
was  strong,  and  there  was  no  indication  of  any  serious  flaw. 

Special  attention  was  paid  to  those  few  samples  that  had  indications  of  flaws.  These  particular 
samples  were  sectioned  into  coupons  that  contained  the  suspect  areas  in  the  gage  section.  An 
example  of  this  is  shown  in  figure  21  (courtesy  of  Ian  Hall,  University  of  Delaware).  Here,  a 
photograph  of  the  sample  1 12002-1-2  is  overlaid  with  the  position  and  orientation  of  the  test 
coupons.  Included  in  the  figure  is  the  ultrasonic  C-scan  of  the  same  plate.  The  white  area  in  the 
scan  is  included  in  the  gage  sections  of  the  two  coupons  taken  from  the  middle  of  the  sample. 
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Figure  20.  C-scan  of  sample  121602-2-1  indicating  ±45°  fiber 
layup. 


Figure  21.  Comparison  of  ultrasonic  C-scan  with  coupon  location  and  orientation  on  sample  1 12002-1-2 
(courtesy  of  Ian  Hall,  University  of  Delaware  [Hall,  2003]). 
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None  of  the  sectioned  samples  exhibited  any  crack,  delamination,  or  lack  of  infusion  as  was  seen 
in  the  samples  with  known  defects.  Several  hundred  micrographs  of  the  suspect  areas  on  various 
samples  were  taken  with  no  indication  of  the  presence  of  a  gross  flaw  or  defect.  A  micrograph 
of  the  central  part  of  sample  1 12002-1-2  is  shown  in  figure  22. 


Figure  22.  Micrograph  of  internal  surface  of  sample  1 12002-1-2  (courtesy  of  Ian  Hall,  University  of 
Delaware  [Hall,  2003]). 


The  sectioned  samples  were  tested  in  compression.  Results  opposite  of  what  was  expected  were 
obtained.  That  is,  samples  made  from  areas  where  flaws  were  indicated  (white  areas)  were  the 
strongest,  whereas  samples  made  from  sound  areas  were  the  weakest.  Unfortunately,  difficulties 
were  experienced  in  designing  end  tabs  for  the  test  coupons  that  would  provide  consistent  results 
in  the  mechanical  tests  (Bogetti,  2003).  Research  in  this  area  is  continuing. 

An  example  of  a  C-scan  showing  possible  flaws  is  shown  in  figure  23.  Previous  work  indicated 
that  a  low  (or  nonexistent)  signal  return  (shown  as  a  white  area  in  the  scan)  merited  further 
examination.  The  scan  in  figure  23  has  a  large  portion  that  is  white.  However,  this  scan  was 
made  with  a  low  signal  gain  (20  dB).  An  identical  scan  with  a  higher  signal  gain  (30  dB)  results 
in  the  scan  shown  in  figure  24.  Here,  the  fluctuation  in  return-signal  amplitude  is  similar  (but 
not  identical)  to  that  shown  in  figure  23,  but  the  signal  strength  is  high  enough  so  that  no  white 
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Figure  23.  C-scan  of  sample  1 11902-2-2  showing  possible  flawed  areas 
(20-dB  gain). 


Figure  24.  C-scan  of  sample  1 11902-2-2  at  higher  gain  (30  dB). 
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areas  appear.  These  figures  are  shown  to  emphasize  the  point  that  the  C-scans  as  produced  by 
the  Ultrapac  equipment  show  only  relative  changes  in  return-signal  strength. 

The  source  of  the  return-signal  strength  fluctuation  was  investigated  by  measuring  the  time  of 
flight  (transit  time  of  the  ultrasonic  signal  through  the  plate).  A  scan  of  the  time  of  flight  was 
made  for  the  entire  plate.  This  scan  presents  relative  differences  in  the  measured  times  of  flight. 
However,  those  differences  were  hardly  detectable  with  the  color  scale  used.  Absolute  time-of- 
fiight  measurements  were  then  made  at  four  selected  points  and  the  sound  velocity  was 
calculated.  Two  of  the  points  were  in  areas  of  high  attenuation  (low  signal  return),  and  two 
points  were  taken  in  areas  of  low  attenuation  (high  signal  return).  In  the  areas  of  high  signal 
return,  four  or  five  echoes  were  clearly  distinguishable,  whereas  in  the  areas  of  low  signal  return 
there  were  only  three  echoes  available  for  the  measurements.  Table  4  gives  the  results  of  those 
measurements.  Included  in  this  table  are  the  corresponding  values  of  the  fiber  volume  content  as 
obtained  from  equation  3. 

Table  4.  Ultrasonic  velocity  measurements. 


Y  Coordinate 
(in) 

X  Coordinate 
(in) 

Attennation 

Ultrasonic  Velocity 
(mm/jis) 

Fiber  Volnme  Content 
(%) 

2.72 

0.94 

High 

8.09 

58 

2.72 

1.42 

Low 

7.63 

44 

2.72 

1.77 

High 

8.27 

63 

2.72 

3.05 

Low 

7.42 

39 

7.  Discussion 


Results  of  the  literature  search  have  been  discussed  in  section  2.  The  general  conclusion  was 
that  ultrasonics  is  perhaps  the  most  useful  approach  to  examine  fiber  reinforced  composite 
materials  for  internal  flaws.  Therefore,  most  of  the  work  presented  in  this  report  concentrates  on 
this  approach.  In  addition,  a  new  technique  called  Meandering  Winding  Magnetometer  was 
investigated  to  see  what  potential  it  has  for  flaw  detection  in  AlMMCs. 

AIMMC  samples  with  known  flaws  were  purchased  from  the  3M  Corporation.  The  nature  of  the 
flaw  in  each  sample  was  not  well-characterized  by  3M  Corporation,  and  the  two  NDE  techniques 
chosen  for  this  study  were  challenged  to  locate  and  possibly  identify  the  nature  of  the  flaws.  It 
was  found  through  a  combination  of  both  NDE  and  destructive  tests  that  the  flaws  ranged  from 
quite  severe  (lack  of  metal  matrix  infusion  into  the  fibers  over  a  substantial  portion  of  the 
specimen)  to  so  insignificant  that  neither  approach  could  detect  anything  (copper  intermetallic). 
In  one  case  (fiber  waviness),  the  MWM  technique  detected  an  aluminum-rich  layer  near  the 
surface  on  one  side  of  the  sample.  In  another  case  (carbon  residue),  the  ultrasonic  C-scan 
indicated  the  presence  of  a  possible  second  defect  that  was  not  detected  upon  a  subsequent 
destructive  test.  A  possible  explanation  of  this  false  positive  is  given  later  in  this  section. 
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The  goal  of  the  work  presented  here  was  to  be  able  to  deteet  flaws  that  would  impaet  upon  the 
performanee  of  AlMMCs  as  used  in  U.S.  Army  applieations.  The  most  severe  flaw  was  lack  of 
infusion  (sample  1 12202-1-2).  Both  approaches  produced  scans  that  imaged  the  area  of  lack  of 
infusion,  although  to  somewhat  different  degrees.  The  two  cracks  produced  by  the  carbon 
residue  were  clearly  indicated  in  the  ultrasonic  scan.  However,  in  this  particular  case  the  scan 
produced  with  the  MWM  equipment  was  open  to  some  interpretation.  More  experience  is 
required  to  interpret  these  scans  and  ensure  that  variations  in  material  properties  are  not  affecting 
the  conductivity  of  the  sample  and  possibly  masking  or  altering  the  response  of  the  signal  near 
the  defect. 

While  cracks,  delaminations,  and  lack  of  infusion  represent  gross  flaws  in  AlMMCs,  there  is 
another  type  of  material  property  that  is  just  as  important  to  the  mechanical  properties  of  the 
material.  This  is  fiber  volume  fraction  or  fiber  content.  Xi  et  al.  (2003)  have  shown  that  low 
compressive  strength  of  AIMMC  cylinders  was  attributable  to  low  fiber  volume  content.  That  is, 
fiber  volume  content  is  a  first-order  factor  in  the  mechanical  properties  of  AlMMCs.  A  low 
value  of  fiber  volume  fraction  over  an  entire  sample  is  generally  not  considered  to  be  in  the  same 
category  as  a  localized  defect  and  thus  is  hard  to  characterize  as  a  flaw  in  that  sense. 
Nevertheless,  low  fiber  volume  will  be  considered  a  gross  flaw  for  the  purposes  of  this  report. 

Because  fiber  volume  fraction  is  such  an  important  material  property,  an  effort  was  made  to 
relate  the  sound  velocity  in  the  material  to  the  fiber  volume  fraction.  A  simple  rule  of  mixtures 
was  used  to  generate  an  equation  relating  the  sonic  velocity  to  the  fiber  volume  fraction.  Also,  it 
was  found  that  as  the  fiber  volume  increases,  the  return-signal  attenuation  increases.  This  is 
probably  due  to  a  higher  density  of  individual  scattering  bodies  (fibers)  that  decrease  the  signal 
strength.  Ultrasonic  attenuation  through  pure  aluminum  is  quite  low  in  comparison  to  that  of  an 
AIMMC  with  60%  fiber  volume  fraction. 

Measurement  of  sonic  velocity  also  has  the  advantage  that  it  is  an  absolute,  rather  than  relative, 
value.  Thus,  the  fiber  volume  fraction  at  specific  locations  can  be  determined  with  ultrasonics. 

A  matrix-rich  area  (an  area  of  possible  weakness)  at  a  critical  design  point  can  therefore  be 
detected.  (This  assumes  a  suitable  part  geometry  that  is  conducive  to  a  sonic  velocity 
measurement.)  Minimum  values  of  fiber  volume  content  could  be  specified  and  parts  rejected  if 
they  did  not  meet  the  criterion. 

The  fact  that  the  C-scan  generated  by  the  Ultrapac  equipment  is  a  relative  measurement  led  to 
misinterpretation  of  some  of  the  scans  done  at  the  beginning  of  the  program.  It  is  clear  that  gross 
defects  such  as  cracks  or  delaminations  will  lead  to  high  signal  attenuation  that  is  represented  by 
a  white  area  in  the  scan.  However,  as  it  was  shown  in  section  6,  signal  gain  can  produce  the 
same  effect  if  there  are  some  variations  in  the  fiber  volume  fraction.  In  this  particular  case,  a 
white  area  (high  attenuation)  on  the  scan  indicates  an  area  of  high  fiber  volume  content.  (The 
possibility  of  a  gross  defect  in  this  location  was  eliminated  by  microscopic  investigation.)  It  is 
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not  surprising,  then,  that  the  meehanical  strength  in  these  areas  of  the  University  of  Delaware 
samples  was  higher  than  that  found  in  areas  where  attenuation  was  lower. 

Also,  it  should  be  noted  that  thiek  AIMMC  samples  with  moderate-to-high  fiber  volume 
fraetions  will  also  produee  highly  attenuated  eeho  patterns.  In  this  case,  a  small  local  increase  in 
fiber  volume  fraction  can  produce  a  white  area  on  a  scan.  The  apparent  defect  in  sample 
121202-3-2  (about  four  times  the  thickness  of  the  other  samples)  might  be  attributed  to  this 
effect  because  no  gross  defect  was  found  when  the  sample  was  sectioned  in  the  area  of  the 
apparent  flaw  indication. 

The  question  is  then  how  to  distinguish  between  high  attenuation  caused  by  a  crack  or 
delamination  and  high  attenuation  caused  by  a  localized  increase  in  fiber  volume  content.  The 
distinction  can  be  made  in  some  cases  where  the  attenuation  is  so  high  that  there  is  little  or  no 
reflected  signal,  indicating  that  an  internal  flaw  is  scattering  all  the  acoustic  energy.  A  highly 
attenuated  echo  pattern,  on  the  other  hand,  would  indicate  high  fiber  volume  content.  Another 
way  is  to  note  the  source  of  the  attenuation  from  the  return  signal.  If  there  is  a  large  reflected 
peak  at  an  unexpected  location  removing  some  of  the  energy  from  the  main  signal,  the 
attenuation  is  likely  due  to  a  crack  or  other  internal  reflecting  surface.  Note  that  the  ultrasonic 
approach  was  unable  to  detect  a  matrix-rich  layer  in  sample  121202-3-2  because  this 
nonuniformity  was  distributed  evenly  over  the  entire  sample.  The  nonuniformity  was  detected 
by  the  MWM  equipment.  This  suggests  that  fiber  volume  content,  a  major  consideration  in 
material  strength,  can  be  determined  from  a  combination  of  ultrasonics  and  MWM  techniques. 
That  is,  a  low  signal  attenuation  correlated  with  a  low  sonic  velocity  will  indicate  low  fiber 
volume  content.  Matrix-rich  layers,  which  are  difficult  to  detect  with  ultrasonics,  can  be 
revealed  with  the  MWM  approach.  (Pathological  cases  where  there  is  a  combination  of  gross 
cracking  and  matrix-rich  zones  would  mask  the  determination  of  a  low  fiber  volume  content. 
However,  the  approach  would  still  yield  a  determination  of  a  material  defect.) 

While  it  would  be  desirable  to  develop  NDE  techniques  that  can  be  used  on  an  assembly  line,  it 
may  be  that  the  problem  of  flaw  detection  and  identification  is  so  complex  that  an  automated 
process  is  not  possible.  As  was  pointed  out  in  the  summary  of  the  literature  survey, 
interpretation  of  NDE  results  is  best  done  by  a  skilled  and  experienced  NDE  equipment  operator. 

Neither  ultrasonics  nor  the  MWM  approach  could  unequivocally  determine  the  location  or 
degree  of  fiber  waviness.  However,  the  work  of  Xi  et  al.  (2003)  indicates  that  fiber  waviness 
may  not  affect  the  mechanical  properties  of  an  AIMMC  material  as  much  as  it  does  in  polymer 
matrix  composite  systems.  This  result  is  quite  different  from  that  found  for  polymer  composites. 
While  it  is  preferable  not  to  have  fiber  waviness,  AlMMCs  may  be  tolerant  of  such  a  defect.  At 
some  point,  fiber  waviness  will  become  so  great  that  it  does  cause  loss  of  material  strength. 
Rather  than  expend  efforts  in  determining  this  point,  it  is  clearly  more  desirable  to  reduce  fiber 
waviness  as  much  as  possible. 
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8.  Summary 


The  following  points  summarize  this  work: 

1 .  A  review  of  the  literature  indicated  that  ultrasonic  C-scans  would  be  the  best  way  to 
nondestructively  evaluate  AlMMCs.  In  addition,  MWM  technology  was  also  selected  to 
determine  what  its  potential  is  for  the  nondestructive  evaluation  of  AlMMCs. 

2.  Both  ultrasonics  and  MWM  are  capable  of  detecting  gross  delaminations,  cracks,  or  lack  of 
infusion. 

3.  A  relation  was  developed  between  the  sonic  velocity  and  fiber  volume  content.  The  fiber 
volume  content  is  considered  to  be  a  parameter  that  is  critical  to  the  material  strength  of 
AlMMCs. 

4.  Care  has  to  be  taken  in  interpreting  the  ultrasonic  C-scans.  High  signal  attenuation  could 
be  due  to  the  presence  of  gross  flaws  or  a  combination  of  sample  thickness  and  high  fiber 
volume  content.  Several  suggestions  were  made  to  avoid  a  false  positive  C-scan  reading. 

5.  Sonic  velocity  measurements  along  with  MWM  measurements  were  identified  as  being 
able  to  determine  in  an  unequivocal  manner  low  fiber  volume  content. 

6.  Neither  ultrasonics  nor  MWM  measurements  could  detect  with  certainty  the  existence  of 
fiber  waviness.  However,  a  simple  observation  of  the  surface  of  the  part  generally 
indicated  fiber  waviness,  especially  in  AIMMC  cylinders  that  were  examined.  At  this 
point,  a  small  amount  of  fiber  waviness  is  not  considered  to  be  critical  to  the  material 
strength  of  AlMMCs. 
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